Abstract. The 
The inhibition of photosynthesis by O0, commonly referred to as the WVarburg effect, has received considerable attention since its discovery by Warburg in 1920 (28) . A comprehensive review of the subject was published in 1962 (26) . Many explanations have been proposed to explain the Warburg effect. Some investigators have envisaged that the site of inhibition of 02 is in the light driven electron transport phase of photosynthesis (5, 8, 21, 22) while others propose that O2 affects some aspect of the chemistry of CO, fixation (4, 9, 10) .
The present investigation is concerned primarily with the inhibition of CO. assimilation by O2 in isolated spinach chloroplasts. Essentially all work hitherto has been performed with the intact celi. First it was of interest to learni whether the clharacteristics of this inhibition previously deccribed ill intact cells of algae and higher plants cotuld be duplicated in isolated chloroplasts. If 2 IMuch of these studies "sas submitted to the Graduate School, Cornell University in partial fulfillment of the requirements for the degree of Doctor of Philosophy.
of the CO, accepting molecule. The striking sensitivity of photosynthesis by isolated chloroplast to partial pressures of 02 was reported in earlier communications (11, 14) .
Materials and Methods
Chloroplasts were isolated from spinach obtained from local farnms or from markets. In the case of the former, leaves were picked immediately prior to their use in experiments. The leaves were immersed in wvater mlaintained at 200 and exposed to light (about 1000 ft-c) for 1 hr before use. This treatment was found to remove the "lag" period of CO., fixatioii. Two methods were used for the isolation of chloroplasts: A) about 20 g of deribbed leaves were subjected to a slight-lv modified version of the l)rocedure of Jensen and Bassham (18) or B) a similar quantity of leaves was treated according to the protocol of Gibbs and Calo (15) . Ascorbate was eliminated from all solutions unless specified.
The study was initiated using chloroplasts prepared in 0.35 M NaCl (15) Descending chromiatograms were run in the following solvents: (A) phenol, 840 ml: water 160 ml: 1 M EDTA, 1 ml and (B) n-butanol, 347 ml: proprionic acid, 180 ml: water, 245 ml. Immediately after the second solvent the area of the paper known to contain glycolate was sprayed with NaHCO,. Chlorophyll was measured by the method of Arnon (1). Photophosphorylation was assayed by the method of Avron (2) .
Results
A well documented property of the Warburg effect in intact organisms is that the magnitude of inhibition is inversely related to the bicarbonate concentration (25) . A similar property was observed for CO2 fixation by chloroplasts and the progress curves are recorded in Fig. 1 The data presented in Fig. 2 indicate that the inhibition by 0. in isolated chloroplasts was reversible. The capacity for recovery also depended tupon the bicarbonate concentration. At higher levels of bicarbonate (5 mnt and 2.5 mM), there was no inhibition in 100 % 02, only a slightly longer lag phase. In contrast, at the lower levels (1.0 mM and 0.5 mM) the lag persisted unitil after the gas phase was switched from 02 to N.. duced by the addition of a variety of sugar phosphates such as fructose 1,6-diP and ribose 5-P. As Fig. 3 shows, the addition of 1 mm fructose 1,6-diP eliminated completely the inhibition due to 100 % 02 in 1.5 mllM bicarbonate. The final rate in 100 % '02 was equal to that in 100 % \.,. Similar data were obtained witlh ribose 5-P.
Addition of Internediates of the
Effect of Reduicintg Compounds oni CO., Fixation. Inhibition of 'photosyntlhesis by O, has been envisaged to occur at the enzymic level in the photosynthetic carbon reduction cycle (27) . It mliglht be supposed thalt, if a sulfhvNdrvl containinig enizy-me were oxidized and becamiie rate-limiting. rcducilig agents would counteract this impl)airment. The effect of adding (18) . Samples were removed and the products were separated by descending paper chromatography as described in the text. The activity was measured directly on the paper by means of a gas flow counter fitted with a cellophane window. (27) has already foctissed somiie attention on the in.fluence of O, on glycerald,ehyde 3-P dehydrogenase. Mlost likely tlle sulfhydryl groups of these enzymiies were oxidized. However, the specific activities of these enzymes were usually hiigher than the mieasured rate of CO., fixation. If inactivated by this mechanismii, there lhas to be a systen for their ral)id reductioni to account for the reversibil-ity of the Warburrg effect. While compounds such as reduced li,poate, 2,3-dimercaptopropanol and dithiotlhreitol were effective in activating the isolated enzymes (20) , it is not likely that thiol-containing substances constitute an activating mechanism in vivo. Indeed, in contrast to the sugar phosphates (Fig. 3) and high concentrations of CO2 (Fig. 1) 
